Abstract The photospheric magnetic field is the source of the coronal and heliospheric magnetic fields (HMF), but their mutual correspondence is non-trivial and depends on the phase of the solar cycle. The photospheric field during the HMF sector crossings observed at 1 AU has been found to contain enhanced field intensities and definite polarity ordering, forming regions called Hale boundaries. Here we study the structure of the photospheric field during the HMF sector crossings during solar cycles 21-24, separately for the four phases of each solar cycle. We use a refined version of Svalgaard's list of major HMF sector crossings, mapped to the Sun using the solar wind speed observed at the Earth, and the daily level-3 magnetograms of the photospheric field measured at the Wilcox Solar Observatory in 1976-2016. We find that the structure of the photospheric field corresponding to the HMF sector crossings, and the existence and properties of the corresponding Hale bipolar regions varies significantly with solar cycle, solar cycle phase and hemisphere. The Hale boundaries in more than half of the ascending, maximum and declining phases are clear and statistically significant. The most clear Hale boundaries are found during the (+,-) HMF crossings in the northern hemisphere of odd cycles 21 and 23, but less systematical during the (+,-) crossings in the southern hemisphere of even cycles 22 and 24. No similar difference between odd and even cycles is found for the (-,+) crossings. Thus, overall, the northern hemisphere has a more organized Hale pattern. The photospheric field distribution also depicts a larger area for the field of the northern hemisphere during the declining and minimum phases, in a good agreement with the bashful ballerina phenomenon.
Introduction
The heliospheric magnetic field (HMF) is organized into sectors of polarities oriented predominantly away or toward the Sun (Wilcox and Ness, 1965) . The heliospheric current sheet (HCS), which is the extension of solar magnetic equator in space, separates the two sectors. Because of the tilt of the Sun's magnetic dipole with respect to the rotation axis, the HCS makes a flapping surface also called the ballerina skirt (Smith et al., 2000) . The structure of the HCS has been found to greatly vary over the course of a solar cycle (SC). Several studies have shown the momentary (Simpson, Zhang, and Bame, 1996; Crooker et al., 1997; Smith et al., 2000) , or the persistent (Mursula and Hiltula, 2003; Erdös and Balogh, 2010; Virtanen and Mursula, 2010; McIntosh et al., 2013) hemispheric asymmetry of the HCS. The southward shift of the HCS is found to be a persistent pattern during roughly three years of the declining phase of all studied solar cycles, a phenomenon also called the bashful ballerina (Mursula and Hiltula, 2003) . Hemispheric asymmetry of magnetic activity has also been found in the corona and photosphere (Zhao, Hoeksema, and Scherrer, 2005; Norton and Gallagher, 2010; Wang and Robbrecht, 2011; McIntosh et al., 2013; Virtanen and Mursula, 2014) , and is known to be an essential property of the solar dynamo (Mursula and Hiltula, 2004; Hiltula and Mursula, 2006; Norton, Charbonneau, and Passos, 2014) .
The number of HMF sectors in the ecliptic plane varies in time. Depending on the solar cycle phase, mostly two or four sectors per solar rotation are observed in the ecliptic at 1AU. It has long been known that the two-sector structure is the result of the tilted dipole and most commonly observed in the late declining to minimum phase of a solar cycle, whereas the four-sector structure is formed by an additional equatorial quadrupole contribution to the main dipole and typically seen during the maximum phase (Schulz, 1973; Hoeksema, Wilcox, and Scherrer, 1983; Sanderson et al., 2003; Balogh and Erdös, 2013) . However, at times like during the declining phase of cycle 23, when the dipole is relatively weak compared to the quadrupole term, the foursector structure is also more abundant. Due to the unipolar magnetic fields of polar coronal holes, one HMF sector is dominating in north and the other in south around solar minima (Rosenberg and Coleman, 1969) . Depending on solar polarity, one of the two sectors of the HMF dominates in Fall (Spring) when the Earth achieves its highest northern (southern) heliographic latitudes due to the 7.2 o tilt of the solar rotation axis with respect to the ecliptic. In the declining phase when the HCS is shifted southward, the dominance of the HMF sector of the northern hemisphere is systematically more strongly represented at 1AU and elsewhere in the low-latitude heliosphere, irrespective of solar magnetic polarity (Mursula and Hiltula, 2003; Mursula and Virtanen, 2011) . On the other hand, the streamer belt is found to be systematically shifted toward the northern magnetic hemisphere during declining and solar minimum times (Crooker et al., 1997; Zieger and Mursula, 1998; Mursula and Zieger, 2001; Mursula, Hiltula, and Zieger, 2002) .
The HMF sector structure reflects the large-scale magnetic field of the solar corona (Antonucci and Svalgaard, 1974) , which has its origin in the underlying photosphere (Wilcox and Howard, 1968; Svalgaard, Hannah, and Hudson, 2011) . Recent studies have shown that the photospheric magnetic field has a maximum near a Hale boundary, a sector boundary where the change of sector polarity follows the Hale polarity rule for sunspots of the current cycle and hemisphere (Svalgaard and Wilcox, 1976; Svalgaard, Hannah, and Hudson, 2011; Hudson, Svalgaard, and Hannah, 2014) . The warps in HCS, for example at 1 AU, are assumed to predominantly originate from these Hale boundaries (Svalgaard, Hannah, and Hudson, 2011) . It has been also shown that the HMF sector structure is associated with highly concentrated fields of sunspots (Hudson, Svalgaard, and Hannah, 2014) and solar flares (Dittmer, 1975; Svalgaard, Hannah, and Hudson, 2011; Hudson, Svalgaard, and Hannah, 2014 ) and the association is stronger at the Hale boundary.
In this paper we study the structure of the photospheric magnetic field around HMF sector crossings, i.e., at times when the HMF sector is seen to change polarity at the Earth. The sector crossing observed at the Earth is mapped back to the photosphere to get the corresponding photospheric field structure at the expected source. We use 40 years of daily magnetograms measured at the Wilcox solar observatory from 1976 Wilcox solar observatory from -2016 to analyze the photospheric magnetic field separately for different solar cycles and cycle phases. The paper is organized as follows. Section 2 presents the data and methods used. Sections from 3 -6 focus on the results obtained for solar cycles 21-24, respectively. Section 7 focuses on the statistical estimate of the significance of the observed Hale boundaries. Discussion and conclusions are presented in Section 8.
Data and methods

HMF sector definition
Based on observations of polar geomagnetic data, Svalgaard (1968) and Mansurov (1970) showed that the dominant daily HMF sector can be determined from the diurnal variation of the high latitude geomagnetic field. This is commonly called the SvalgaardMansurov effect. Recently, Vokhmyanin and Ponyavin (2013) used this effect to study the HMF sector occurrence more than a century ago. Svalgaard has prepared a list of HMF sectors and sector crossing times (sector boundaries) at daily resolution. The list is derived from geomagnetic and satellite HMF data. When satellite HMF data are available they are used as the main source to calculate sector crossing times, while the data gaps are filled using geomagnetic data. For modern times (since 1970s), the satellite HMF data are the dominant source. He defined sector crossing times based on the criteria that a well-defined sector boundary has at least four days of same polarity on either side of the boundary. Here we used this sector crossing list from 1976-2016 as one definition of HMF sector crossings and assigned the sector crossing times at the beginning of the first new polarity UT day. (The list as well as details of the compilation method can be found at http://wso.stanford.edu/). The HMF sectors according to Svalgaard's list are shown in the second panel of Figure 1 as a function of Carrington longitude and time.
In this paper, we sought to improve the daily resolution of Svalgaard's sector crossing times by studying the hourly HMF polarities using the OMNI data set (solar wind and HMF data was retrieved from http://omniweb.gsfc.nasa.gov/). We use the plane division (B x − B y < 0 away sector and B x − B y > 0 towards sector) to define the sectors and the HMF polarity. The top panel of Figure 1 shows the HMF sector structure for the Figure 1 . Panels, from top to bottom: Top: HMF polarity of OMNI data base with time and Carrington longitude (CL); Second: same for Svalgaard's list; Third: annual number of Svalgaard's sector crossings (refined HMF sector crossings, respectively) indicated by black solid (red dashed) line; Bottom: the 13-month running mean sunspot number obtained from SIDC. In the top and second panels, the away (toward) sector is indicated by the red (blue) color.
OMNI data in 1976-2016. The sector structure is presented using hourly satellite observations smoothed with a 13-hour running mean (with 40% data coverage required for each hourly mean). We use this 13-hour running mean method also to find the improved sector crossing times within ±31 hours from Svalgaard's sector crossing times. (Note that 31 is the sum of one day and half the filter length of 7h). If more than one sector crossing is obtained within this window, the one nearest to Svalgaard's sector crossing time with the same order of polarities is selected. If no sector crossing is found, e.g., due to a gap in OMNI data, we ignore that sector crossing from our refined database. There are 1154 sector crossings in Svalgaard's list in 1976-2016 and 893 in the refined list.
The annual numbers of Svalgaard's sector crossings and of the refined subset with more accurate timing (hereafter called refined HMF sector crossings) are shown in the third panel of Figure 1 . The bottom panel shows the 13-month running mean of sunspot numbers for reference (from SIDC). As can be seen from Figure 1 , the data gaps in OMNI data set from the mid−1980s up to 1994 (due to only one Earth-orbiting satellite, IMP-8, measuring the solar wind at this time) significantly reduced the number of HMF sector crossing times of the refined list. As discussed earlier, depending on the solar cycle phase, mostly two or four sectors are observed per solar rotation at 1AU. As depicted in the third panel of Figure 1 a typical annual number of sector crossings (according to Svalgaard's list) lies in the range of about 30 which indicates a dominant two-sector structure in a good agreement with the overall view of sectors depicted in the upper two panels. Note that the HMF coverage is almost complete since 1995, which slightly increases the number of crossings in Svalgaard's list and considerably in the refined list.
Mapping from Earth to Sun
The HMF sector crossings observed at 1AU are mapped back to the Sun to get the corresponding photospheric magnetic field structure at the expected source at time t sun = t sc − ∆t, where t sun is the time when the solar wind left the Sun (hereafter called solar source time), t sc is the HMF sector crossing time at 1AU and ∆t is the transit time from the Sun to 1AU. We assume that the field projects roughly radially from the photosphere to the source surface. This is, obviously, a coarse simplification of the coronal field, which can be assumed to be approximately valid and only over a part of the solar cycle. In particular, it is not valid during solar minimum times, when most of the source surface field projects typically to the polar coronal holes at midto high latitudes. However, it is better valid during the more active times of the cycle when coronal holes are found at all latitudes, including the low latitudes of the Earth's ballistic footpoint.
We assume that the solar wind flows radially outward from source surface to 1AU and use two different models for solar wind velocity (delay time). The first one is mapping the refined HMF sector crossings to the Sun using the observed solar wind speed (mean value of solar wind speed within ±36 hours from the sector crossing time). A constant speed of the solar wind from the Sun to 1AU gives a better match of HMF sector polarities between the Sun and 1AU, especially for the slow solar wind (Koskela, Virtanen, and Mursula, 2017) . However, the sector crossings of Svalgaard's list are mapped using a constant transit time of 5 days (Svalgaard and Wilcox, 1976; Svalgaard, Hannah, and Hudson, 2011; Hudson, Svalgaard, and Hannah, 2014) . A detailed comparison of the photospheric field pattern in solar cycle 23 (see section 5) shows that the field polarity pattern at the Hale boundary is slightly more clear for the first method, but the overall field patterns are fairly similar for the two methods over the course of the solar cycle. Figure 2 shows the Carrington longitudes of the solar sources calculated for the two lists (and methods) of the HMF sector crossings (corresponding source times can be calculated from Carrington longitudes). The solar source times calculated by mapping the refined HMF sector crossings using the measured solar wind speed are shown at the top panel and those calculated using the 5-day mapping of Svalgaard's sector crossing list are shown at the bottom panel. As discussed above, due to data gaps in OMNI data, the number of crossings is reduced in the top panel of Figure 2 , particularly during solar cycle 22. Still the two panels show a very similar longitude-time pattern of crossings, even during times when the OMNI data coverage is worst. Figure 2 shows, e.g., the dominance of the two-sector structure in the declining phase, especially clearly in 2003 − 2005 and very similarly in the two panels (see also Figure 1 ). The sectors observed at these times are also seen to migrate very similarly with respect to the Carrington rotation.
Solar cycle phase division
We divide the solar cycle into four phases (minimum, ascending, maximum and declining phases) using the list of sunspot minimum and maximum times determined o , 180 o and 270 o will denote the centers of the minimum, ascending, maximum and declining phases of the solar cycle, respectively (Maliniemi, Asikainen, and Mursula, 2014 Figure 3 . Note that the time span of the declining phase is greater than the ascending. It has long been known that most solar cycles have a shorter ascending than declining phase.
Photospheric magnetic field
The line-of-sight photospheric magnetic field is obtained from the daily level-3 magnetograms measured at the Wilcox Solar Observatory (WSO) from 1976 onwards. At WSO, the visible solar disk is imaged by using a 3 arc minute aperture instrument. Level-3 magnetograms are obtained every day using the A superposed epoch analysis of several magnetograms is made for each cycle (solar cycles 21-24) and each phase of the solar cycle separately for (-,+) and (+,-) sector crossings. We only used magnetograms which were measured under good weather conditions, defined in the WSO terms with sky ≤ 2. Note that at WSO, weather permitting, more than one magnetogram may be obtained per day. In such a case the magnetogram which is closest to the source time is selected from all sky ≤ 2 magnetograms. Figure 4 shows the structure of the average line-of-sight photospheric magnetic field during both the (+,-) and (-,+) sector crossings of the refined list, separately for the four phases of solar cycle 21. The results during (+,-) and (-,+) sector crossings are shown in the first and second rows of Figure 4 , respectively. The first four columns in both rows show the results for the ascending, maximum, declining and minimum phases, respectively, while the fifth column shows the averaged result for the whole solar cycle. The horizontal (vertical) black dashed lines denote the equator (central meridian) of the Sun. The title of each plot gives the number of sector crossings included in the plot. The blue color indicates negative (inward) polarity and red indicates positive (outward) polarity. The neutral line is represented by green color. In solar cycle 21, a total of 79 (+,-) and 73 (-,+) HMF sector crossings are included to make the superposed epoch analysis of magnetograms, with somewhat different numbers of crossings included in the four cycle phases. Note that during the ascending (descending ) phase of odd solar cycles (e.g. cycle 21 and 23), the southern (northern) magnetic hemisphere is located in the northern high-latitude heliographic hemisphere and vice versa in the southern heliographic hemisphere. The situation is opposite during even solar cycles (e.g. cycle 22 and 24).
HMF sector crossings in SC 21
A boundary of oppositely oriented solar polarities close to the central meridian, when the order of sector crossing and the observed solar polarities match with the Hale polarity rule for sunspots of the current cycle and hemisphere, is called the Hale boundary (Svalgaard and Wilcox, 1976) . If it is found in the opposite hemisphere, we call it anti-Hale boundary. We use the name Hale bipolar region hereafter to refer to such bipolar regions of oppositely oriented large scale solar polarities separated by the Hale boundary. By definition, a Hale bipolar region and Hale boundary always refer to a distribution within one hemisphere.
As the plots of the first row of Figure 4 show, the northern Hale boundary is evident during (+,-) HMF sector crossings in all solar cycle phases except the minimum phase. However, the structure and location of the Hale bipolar regions are somewhat different for the three phases. During the ascending phase the Hale boundary is observed approximately at +(20 o − 30 o ) latitude, partly shifted to negative longitude and the leading polarity is weighted to slightly lower latitudes than the trailing polarity. Note that this corresponds very well to the structure of a sunspot pair tilted in latitude according to Joy's law. On the other hand, there is no anti-Hale (+,-) ordering of magnetic field polarities in the southern hemisphere. Rather, the central meridian is dominated by negative polarity, and a (-,+) Hale polarity pattern of sectors is seen at −25 o latitude and −10 o longitude. The polarity of the polar magnetic field in the ascending phase is still same as in the preceding (positive polarity) minimum.
The northern Hale boundary in the maximum phase is also clearly developed. Note also that the positive polarity region is, on average, weighted toward a slightly lower latitude than in the ascending phase, in a good agreement with the decrease of sunspot latitudes during the solar cycle. (The higher latitudes of the northern hemisphere are already dominated by the new, negative polarity field). Again there is no (+,-) anti-Hale ordering of polarities in the southern hemisphere. The low latitudes of the southern hemisphere are even more strongly dominated by the negative polarity field than in the ascending phase, while at higher latitudes, there is a band of positive polarity field migrating poleward. These distributions are in agreement with the polarity and location of the new flux generated. Note that the southern polar magnetic field is not yet reversed in the maximum plot of Figure 4 . This reflects the fact that the solar polar magnetic field reversal is often hemispherically asymmetric (e.g., Babcock, 1959; Makarov, Fatianov, and Sivaraman, 1983; Durrant and Wilson, 2003; Benevolenskaya, 2007; Virtanen and Mursula, 2010; Svalgaard and Kamide, 2013; Sun et al., 2015) . Note also that, since solar cycle 20, the magnetic activity in the ascending phase is greater in the northern than southern hemisphere (e.g., Hiltula and Mursula, 2006; Temmer et al., 2006; Wang and Robbrecht, 2011; McIntosh et al., 2013) , leading to an earlier reversal of the northern than southern polar magnetic field (e.g., Svalgaard and Kamide, 2013) .
During the (+,-) crossings of the declining phase, the northern hemisphere shows a closely similar structure to the maximum. The negative field covers now all longitudes before the Hale boundary so that the bipolar structure covers all longitudes included. The low latitudes of the southern hemisphere depict a less consistent dominance of negative polarity than at maximum, while the high latitudes show that the southern pole has finally reversed. Note also that, because of the earlier reversal of the northern pole, the negative polarity field takes a larger part of the whole area depicted in Figure 4 . This is seen in the declining phase and even more clearly at minimum, and is related to the bashful ballerina phenomenon (Mursula and Hiltula, 2003) , according to which the magnetic field dominant in the northern hemisphere extends over a larger region, thus leading to the southward shifted heliospheric current sheet. During the minimum phase the polar magnetic fields are strong, forming contiguous unipolar regions down to about 40 o in each hemisphere, with the northern pole extending slightly wider. It is obvious that the positive polarity sector observed at 1AU during the minimum has its source at mid to high latitudes of the southern hemisphere, while the negative polarity sector may come from either hemisphere and from a wider range of latitudes.
When averaged over the whole cycle (the fifth panel of Figure 4 ) the pattern of the photospheric field clearly reminds that of the maximum and declining phase. This is because of the larger number of crossings and the fairly similar structure during these two phases, as well as of the slightly larger intensity of the magnetic field at these times. The maximum intensity region of the leading polarity of the Hale bipolar structure is at a slightly lower latitude than the trailing polarity region. This is in agreement with the observed pattern of sunspots.
The second row of Figure 4 depicts the photospheric magnetic field patterns during the (-,+) sector crossings when the Hale boundaries are expected to be found in the southern hemisphere. Over most of the cycle, the pattern is more complicated for (-,+) crossings than for (+,-) crossings, and the evidence for the Hale bipolar structure in the southern hemisphere is somewhat less systematic than for (+,-) crossings in the northern hemisphere. This is also depicted in the cycle averaged panel, where the southern field remains partly latitudinally (not fully longitudinally) organized around the central meridian.
There is a Hale bipolar region in the southern hemisphere centered at about −20 o latitude in the ascending phase. Note that the leading polarity region of the southern Hale bipolar structure is again at a lower (absolute) latitude than the trailing polarity region. Note also that the leading polarity region is connected to the polar region of the southern hemisphere which has the same polarity. The maximum phase and even the declining phase depict a partly latitudinal ordering of the southern field seen in the cycle mean plot. The Hale boundaries in the southern hemisphere are weakly seen during the maximum and declining phases. During the minimum phase there is no clear Hale bipolar region in the southern hemisphere close to the central meridian. However, the overall dominance of the negative polarity, reflecting the wider extension of the northern polar region of the bashful ballerina structure, is repeated but less clearly than during (+,-) crossings.
HMF sector crossings in SC 22
As mentioned earlier in section 2.1 and shown in Figures 1 and 2 , due to the lack of observations of solar wind, there are several data gaps in OMNI data set especially during solar cycle 22. As a result, the number of sector crossings in the refined list is rather small in this cycle. Therefore, for this cycle, we used Svalgaard's sector crossing list mapped by the constant transit time of 5 days. Figure 5 shows the average photospheric magnetic field during Svalgaard's sector crossings for the four phases of cycle 22. The arrangement of panels of Figure 5 is the same as Figure 4 , except that the order of (+,-) and (-,+) plots is changed in order to always depict the Hale ordered situation for the northern (southern) hemisphere in the top (bottom) panel. So, during cycle 22 (and other even cycles) the Hale pattern for (-,+) crossings is in the northern hemisphere and for (+,-) crossings in the south. In solar cycle 22, Svalgaard's list includes a total of 121 Overall, the Hale pattern in the photospheric field at the central meridian is less systematic during solar cycle 22 than solar cycle 21. However, during (-,+) crossings a northern Hale bipolar region can be seen in the cycle mean (fifth panel) as well as in all other phases of the solar cycle except the minimum, at least weakly. Note that, during (-,+) crossings in cycle 22, there is evidence in the ascending and maximum phase for an anti-Hale boundary in the opposite hemisphere, so that the trailing polarity field may come from the southern hemisphere, rather than from the trailing part of the Hale bipolar region.
The second row of Figure 5 shows the field structure during (+,-) HMF sector crossings. In this case, there is evidence for Hale boundaries in the southern hemisphere during all phases (including the minimum) and the average plot. However, in the ascending phase and maximum, the Hale boundary is somewhat shifted in longitude. During (+,-) HMF sector crossings in cycle 22, there is also evidence for a weakly organized (+,-) anti-Hale pattern in the north during the minimum phase.
HMF sector crossings in SC 23
Solar activity in cycle 23 was weaker than in the two preceding cycles and the polar magnetic fields were weaker (e.g, Wang, Robbrecht, and Sheeley, 2009; Hoeksema, 2010) . Consequently, the heliospheric current sheet tilt was larger than typical in the declining phase (e.g, Pishkalo, 2006; Wang, Robbrecht, and Sheeley, 2009; Virtanen and Mursula, 2010; Cliver, Richardson, and Ling, 2013) , and the heliospheric magnetic field was weaker (e.g, Smith and Balogh, 2008) . As it can be seen in Figure 1 , the annual number of refined and Svalgaard's sector crossings in this cycle are almost equal, since the OMNI data set is almost complete. We now use both the refined sector crossings mapped back by the observed solar wind speed and Svalgaard's list using a constant transit time of 5 days to compare the field patterns between the two methods. Figure 6 shows the structure of the photospheric magnetic field during refined sector crossings in SC 23. In this case, magnetograms include a total of 160 (+,-) and 168 (-,+) HMF sector crossings. The photospheric field pattern during (+,-) crossings shows a very similar structure as during (+,-) crossings in solar cycle 21 (see Figure 4) , except that the field intensity is weaker in solar cycle 23. A clear Hale bipolar region is depicted in the north during (+,-) HMF sector crossings in all other phases except the minimum phase. One can see a Hale boundary at about +25 o latitude in the ascending phase and at slightly lower latitude of about +15 o in the maximum and declining phase. The second row of Figure 6 presents the field structure during (-,+) crossings. There is now some similarity to the corresponding pattern of SC 21, but less than for (+,-) crossings. In particular, the field during SC 23 depicts more evidence for Hale pattern than SC 21. Indeed there is clear evidence for a Hale bipolar structure in the southern hemisphere during (-,+) crossings in the maximum and declining phase, and more weakly in the ascending phase and minimum. The Hale patterns of the maximum, declining, and even the minimum phases are surprisingly similar. There is also evidence for weak anti-Hale structure in the north during the (-,+) crossings especially in the declining and minimum phase. Similar to the (+,-) crossings, also during the (-,+) sector Figure 6 and Figure 7 are fairly similar especially in the Hale boundary hemisphere for both (+,-) and (-,+) crossings, but the field polarities are slightly more clearly ordered according to Hale boundaries at the central meridian in Figure 6 . Moreover, in some cases (e.g. the overall plot in the south for (-,+) crossings) the Hale boundary is shifted by about −20 o in longitude in Figure 7 . This implies, that the 5-day mapping of Svalgaard's sector crossing list gives a reasonable approximation to the refined case but may be shifted in longitude roughly by 1 day.
HMF sector crossings in SC 24
Figure 8 depicts the photospheric field structure during the sector crossings of the refined list in SC 24. Since solar cycle 24 is not yet complete, we can present here the results for the ascending, maximum and early declining phase only (we include data until November 30, 2016 and assume that the next minimum will be in June 2020). In this case, there are in total 72 (-,+) and 75 (+,-) HMF sector crossings. As shown in the first row of Figure 8 , a Hale boundary is seen during (-,+) crossings in the north clearly in the ascending phase and weakly in the maximum and declining phase. Note that during the maximum time, the southern pole already has reversed but the northern reversal was still delaying. In the declining phase, the positive polarity field takes somewhat a larger part of the whole area depicted in Figure 8 , indicating that the the bashful ballerina phenomenon of solar cycle 24 has already started.
The second row of Figure 8 depicts the field structure during the (+,-) crossings. In this case, a Hale boundary at the central meridian is observed in the south clearly during the ascending and weakly in the declining phase. In the cycle mean plot (fourth panel), the Hale boundary is observed at about +10 o longitude and in maximum even further in longitude.
Significance test
We made a statistical estimate of the significance of the observed Hale distributions by superposing randomly sampled magnetograms, and comparing their field strengths with those of the superposed magnetograms of the HMF crossings. The difference between the maximum and the minimum magnetic fields (hereafter called δB +− observed ) of the superposed magnetograms of the (+,-) HMF crossings and also the difference between the minimum and maximum fields (hereafter called δB −+ observed ) of the superposed magnetograms of the (-,+) HMF crossings were first calculated. Then, magnetograms were randomly sampled from among all magnetograms available in the respective solar cycle phase. The number of randomly sampled magnetograms was taken to be the same as in the Hale boundary plots. The randomization process was repeated 100 times Hale boundaries for (-,+) HMF crossings are statistically significant in the southern hemisphere for all phases of SC 23. This strongly supports the validity of our results and the validity of Hale boundaries.
Discussion and conclusions
In this paper, we have studied the structure of the photospheric magnetic field during HMF sector crossings in the four phases of solar cycles 21 − 24. The HMF sector crossings observed at 1AU are ballistically mapped back to the Sun to determine the corresponding photospheric magnetic field structure at the source. As expected, the photospheric field structure observed during HMF sector crossings shows differences between the different solar cycle phases, corresponding to the evolution of the solar magnetic field over the solar cycle. More interestingly, we found that the field patterns during (+,-) and (-,+) crossings were generally quite different. This is mainly due to the appearance of strong Hale polarity regions that have opposite polarities and occur at opposite hemispheres for the (+,-) and (-,+) HMF crossings. The occurrence of photospheric Hale and anti-Hale boundaries corresponding to the HMF sector crossings observed at 1AU during the four phases of solar cycles 21 − 24 are summarized in Table 1 . Table 1 shows that Hale boundaries occur, at least weakly in all ascending, maximum and declining phases of the solar cycles studied in this paper. On the other hand, there is evidence for weak Hale boundaries during only two minimum times out of six possible cases. The Hale pattern in the north is clear in eight out of fifteen possible cases, but only five cases in the south. Overall, the field polarity structure in the southern hemisphere is found to be slightly more complex than in the north, and there is slightly less clear evidence for Hale boundaries in the southern hemisphere. This is particularly true for solar cycle 21, where the northern hemisphere depicted clear Hale pattern for (+,-) crossings in the three cycle phases but the southern hemisphere appeared to be partly ordered in latitude than in longitude and depicted the Hale boundaries less clearly. Using the method discussed in Section 7, we made a statistical estimate of the significance of the observed Hale distributions. The statistical estimates strongly support the validity of the Hale boundaries especially in the maximum and declining phase of the solar cycle. The statistically significant Hale boundaries are marked as * in Table 1 . Accordingly, six out of the eight Hale boundaries observed in the ascending phase are statistically significant. The same result is valid for the solar maxima. In the declining phase even seven Hale boundaries are statistically significant. The Hale patterns that exist in the two minima are both significant.
The Hale pattern is found to be more systematic during the (+,-) crossings of the odd solar cycles (solar cycles 21 and 23) in the north than during the (-,+) crossing of the even solar cycle 22 in the north. Moreover, the photospheric field pattern during solar cycle 23 shows a closely similar structure as during solar cycle 21 especially for the north during (+,-) crossings, except that the field intensity is weaker in solar cycle 23. On the other hand, the Hale structure of even cycles (solar cycle 22 and 24) shows less of mutual resemblance in either hemisphere.
We found that the latitudinal position of the Hale bipolar regions observed in this paper occasionally decreases as the the solar cycle progresses from the ascending to declining phase, which is in agreement with Spörer's law (see Spörer and Maunder, 1890) . The fact that Hale bipolar regions show similar property with sunspots supports the idea that sunspots and Hale boundaries are linked to each other. It has also been shown earlier that solar active regions (sunspots and solar flares) appear preferentially at Hale boundaries (see e.g., Dittmer, 1975; Svalgaard, Hannah, and Hudson, 2011; Hudson, Svalgaard, and Hannah, 2014; Akasofu, 2014 Akasofu, , 2015 . However, the question of why solar active regions appear preferentially at Hale boundaries requires further investigation (see e.g., Hudson, Svalgaard, and Hannah, 2014) . The warps in HCS, for example at 1 AU, are assumed to predominantly originate from the Hale boundaries at the photospheric level (e.g. Svalgaard, Hannah, and Hudson, 2011) . The results presented in this paper show that the HMF sector crossings observed at 1AU have at least a partial correspondence to Hale boundaries in the photosphere.
Solar magnetic activity shows north-south asymmetric behavior, i.e, the northern and southern hemispheres most of the time do not show equal magnetic activity. For example, polar fields typically reverse at different times. In recent cycles the northern hemisphere often reversed ahead of the south (e.g., Makarov, Fatianov, and Sivaraman, 1983; Durrant and Wilson, 2003; Benevolenskaya, 2007; Virtanen and Mursula, 2010; Svalgaard and Kamide, 2013; Sun et al., 2015) . Moreover, during roughly three years in the declining to minimum phase of all studied solar cycles, the southern hemisphere has been more active than the north (e.g. Zhao, Hoeksema, and Scherrer, 2005; Norton and Gallagher, 2010; Wang and Robbrecht, 2011; McIntosh et al., 2013; Virtanen and Mursula, 2014) . A stronger magnetic intensity of the field dominant in the southern hemisphere implies, by the conservation of magnetic flux, a weaker but more widely spread field of the northern hemisphere. This leads to the HCS being slightly (on an average by +2 o ) but persistently shifted southwards (Mursula and Hiltula, 2003; Virtanen and Mursula, 2010; Erdös and Balogh, 2010) , i.e. to the phenomenon called the bashful ballerina. The photospheric field polarity distribution presented in this paper verifies the larger area of the field of the northern hemisphere during the declining and minimum phases, in a good agreement with the bashful ballerina phenomenon.
